Heart failure (HF) affects approximately 26 million people worldwide and is the leading cause of hospitalizations in the developed world, comprising up to 4% of all admissions in the United States and Europe [@bib1], [@bib2]. HF also accounts for 1% to 3% of total health care expenditures across the Americas and Western Europe [@bib1]. Acute decompensated HF is the most common reason for HF hospitalization [@bib3]. Of those hospitalized, 50% are readmitted within 6 months, and 17% to 45% die within 1 year of initial admission [@bib1], [@bib4]. The median length of stay is 4 to 20 days, and the inpatient mortality rate is 4% to 30% [@bib2].

There have been no major advances in therapies for acute HF (AHF) in recent decades, and current therapies have substantial limitations. Diuretics, although a cornerstone of AHF management, offer no direct myocardial effects and are known to cause electrolyte abnormalities and metabolic disturbances. Inotropes are associated with arrhythmias and increased mortality, and pure vasodilators can cause systemic hypotension [@bib5], [@bib6], [@bib7], [@bib8], [@bib9]. Thus, there is a need for new therapies that safely and effectively reduce cardiac load while enhancing cardiac output (CO). Accomplishing the latter safely has proven difficult because of the frequent reliance on therapies that are cyclic adenosine monophosphate (cAMP) stimulators, which are fraught with undesirable complications [@bib5], [@bib9], [@bib10], [@bib11].

Nitroxyl (HNO) donors are a class of molecules with unique biochemical and pharmacological properties that have been investigated over several years for their potential therapeutic applications. Although related to nitric oxide (NO), the pharmacological effects of HNO are different from NO; these effects produce arterial and venous dilation, as well as direct, beneficial, cAMP/protein kinase A-independent lusitropic and inotropic effects, in both the normal and failing myocardium [@bib8], [@bib10], [@bib12], [@bib13]. HNO enhances sarcoplasmic reticular calcium uptake and release through modulation of sarcoplasmic reticulum calcium^2+^ adenosine triphosphatase (SERCA2a), phospholamban (PLN), and the ryanodine receptors. HNO donors also improve myofilament calcium sensitivity without affecting the L-type calcium channel or total sarcoplasmic reticular calcium content [@bib8], [@bib10], [@bib14], [@bib15], [@bib16], [@bib17].

Several exogenous HNO donors have been studied, but a clinically viable HNO therapy for AHF remains elusive. Angeli's salt (Na~2~N~2~O~3~) decomposes rapidly to produce HNO and nitrite (which also has cardiovascular effects) under physiological conditions [@bib12], [@bib18], [@bib19], [@bib20]. However, although it produces vasodilation and cAMP-independent inotropic and lusitropic effects in dogs, it is chemically unstable and not suitable for clinical use [@bib18], [@bib19], [@bib21]. CXL-1020 was a first-generation pure HNO donor (i.e., it did not generate nitrite in addition to HNO upon decomposition, but an inactive organic by-product, CXL-1051) and was shown to produce beneficial vasodilatory, inotropic, and lusitropic effects in normal and HF animal models; however, due to injection-site toxicity, its development was halted [@bib8], [@bib11]. BMS-986231 (formerly CXL-1427) represents a second generation of HNO donor that is now in clinical development [@bib22]. BMS-986231 (C~5~H~7~NO~4~S) was originally developed by Cardioxyl Pharmaceuticals (Chapel Hill, North Carolina) and is a pH-sensitive molecule with a half-life of approximately 40 to 144 min in healthy humans (dose range 0.1 to 15 μg/kg/min) [@bib23] and approximately 15 to 60 min in dogs (dose range 30 to 120 μg/kg/min) (Bristol-Myers Squibb, Princeton, New Jersey; data not shown). When administered intravenously, BMS-986231 nonenzymatically releases HNO and an inactive sulfinic acid by-product, BMT-284730.

Evaluation of this novel HNO donor molecule in established preclinical models of HF has not been described. The primary objective of these studies was to assess the effects of BMS-986231 on hemodynamics, left ventricular (LV) function, and pro-arrhythmic potential in 2 different canine models of HF, conducted at 2 separate U.S.-based study centers (see [Methods](#appsec1){ref-type="sec"}).

Methods {#sec1}
=======

The studies conformed to the Guidelines for Care and Use of Laboratory Animals, published by the U.S. National Institutes of Health (2011) [@bib24] and were approved by the Institutional Animal Care and Use Committees of both the Henry Ford Health System (Detroit, Michigan) and QTest Labs, Inc. (Columbus, Ohio), which were the test sites.

Group A: Coronary microembolization-induced HF in dogs {#sec1.1}
------------------------------------------------------

This study was conducted in the Cardiovascular Research Laboratories at the Henry Ford Hospital (Detroit, Michigan). Seven male mongrel dogs underwent multiple sequential intracoronary microembolizations under general anesthesia to produce chronic LV dysfunction and HF. Microembolizations were discontinued when LV ejection fraction (LVEF), determined by ventriculography, was approximately 30%. This microembolization technique was previously validated (see [Supplemental Material](#appsec1){ref-type="sec"}) [@bib25], [@bib26], [@bib27].

While under general anesthesia, each animal received BMS-986231 (0.7, 2, and 7 μg/kg/min) and vehicle (15% Captisol \[sulfobutylether-beta cyclodextrin; Ligand, Inc., San Diego, California\] in sterile water), administered 1 week apart via continuous intravenous (IV) infusion over 4 h. The test compound was supplied by Cardioxyl Pharmaceuticals as a powder and formulated in 15% Captisol. Hemodynamic, ventriculographic, and echocardiographic measurements were recorded at baseline and at various time points until 5 h after infusion start (i.e., 4 h of infusion plus a 1-h washout period) ([Supplemental Table 1](#appsec1){ref-type="sec"}). Peripheral venous blood samples were also collected.

All hemodynamic assessments, namely, arterial and LV pressures, peak rate of change of LV pressure during isovolumic contraction (LV peak +dP/dt) and relaxation (LV peak −dP/dt), LV end-diastolic pressure (LVEDP), CO, stroke volume (SV), and systemic vascular resistance (SVR), were made during left and right heart catheterizations. Ventriculographic measurements to determine LV end-systolic volume (LVESV), LV end-diastolic volume (LVEDV), and LVEF were made during cardiac catheterization after completion of the hemodynamic measurements. Echocardiographic and Doppler studies were performed to determine LV fractional area shortening (LVFAS), LV end-diastolic circumferential wall-stress (LVEDWS), the ratio of early-to-late filling time integrals (Ei/Ai), and deceleration time (DT) of early mitral valve inflow velocity. With the 0.7- and 7-μg/kg/min infusions, myocardial oxygen consumption (MVO~2~) was assessed as described previously [@bib8], [@bib28], at baseline and again at 2 and 4 h (see [Supplemental Material](#appsec1){ref-type="sec"}). Electrocardiography (ECG) was used to assess the QT interval throughout the study for determination of heart rate (HR).

As described previously [@bib8], a separate cohort of 7 mongrel dogs with microembolization-induced HF was subjected to programmed ventricular stimulation (PVS) after a 2-h infusion of BMS-986231 7 μg/kg/min and vehicle control (see [Supplemental Material](#appsec1){ref-type="sec"}). Each PVS session was terminated when it provoked ventricular fibrillation (VF) or a sustained monomorphic ventricular tachycardia (SVT) lasting \>30 s. Threshold data for SVT or VF were quantified, in which progressively increasing scores indicated higher magnitudes of required stimulation ([Supplemental Table 2](#appsec1){ref-type="sec"}). Hemodynamic and echocardiographic measurements were made at baseline, 2 h post-infusion before PVS protocol initiation, and again 15 min after protocol completion. Blinding was not used during the study.

Group B: Long-term instrumented dogs with normal cardiac function (B1) or pacing-induced cardiomyopathy (B2) {#sec1.2}
------------------------------------------------------------------------------------------------------------

This study was conducted at QTest Labs, Inc. (Columbus, Ohio). All dogs were beagles and were surgically implanted with a radiotelemetry transmitter (TL11M3-D70-PCTP, Data Sciences Int., St. Paul, Minnesota) to provide systemic arterial blood and LV pressures, ECG, and body temperature. Each dog was also long-term instrumented with short-axis (endocardial) sono-micrometry crystals to allow hemodynamic load-independent, mechano-energetic assessments via pressure--volume relationships (PVRs) generated during brief and transient inferior vena cava occlusions. All dogs were fully conscious throughout the study.

Eight dogs with normal cardiac function (group B1) were administered BMS-986231 50 μg/kg/min IV over 3 h (as in group A, BMS-986231 was supplied in powder form and formulated in 15% Captisol). Due to the vasodilatory effects of HNO, this was followed by a 5 ml/kg IV bolus of plasma volume-expanding solution (Hextend \[HEX\], BioTime, Inc., Alameda, California) to restore cardiac preload and to confirm the load-independent effects of BMS-986231 on lusitropy and inotropy.

Six beagle dogs (group B2) were also subjected to an established overdrive cardiac pacing protocol to induce LV dysfunction and remodeling consistent with HF [@bib8], [@bib29]. In short, the ventricles were asynchronously and continuously driven at 180 to 240 beats/min via an implanted pacemaker and ventricular lead. LV remodeling was confirmed by elevated N-terminal prohormone of brain natriuretic peptide levels after approximately 3 to 6 weeks of pacing. The dogs were then IV infused with 3 separate doses of BMS-986231 (25, 50, and 75 μg/kg/min) over 3 h.

Analog signals were digitally sampled (1,000 Hz) and recorded with a data acquisition system (IOX; EMKA Technologies, Falls Church, Virginia). ECG and pressure waveforms were continuously recorded, whereas HR, arterial pressure, and LV mechanical or geometric indexes were measured at baseline, and at 30, 60, 90, and 180 min after infusion start, with an additional measurement after the HEX bolus in normal dogs and at 1 h post-infusion in paced dogs. Blood samples were collected pre-dose and 3 h after infusion start.

The following indexes were recorded at the designated time points in both studies: 1) HR and systolic (SAP), diastolic (DAP), and mean (MAP) arterial pressures; and 2) LV mechanical and geometrical indexes from the LV pressure waveform as LV end-systolic pressure (LVESP), LVEDP, LV peak +dP/dt and −dP/dt, Tau, and cardiac volumes (LVESV, LVEDV, SV), as determined from integrated dimension signals measured from the myocardial crystals.

Furthermore, the following measurements were derived from LV PVRs generated during brief periods of preload reduction: 1) inotropic indexes (SV, pressure-volume area \[PVA\], and stroke work \[SW\]); 2) load-independent inotropy (preload-recruitable stroke work \[PRSW\], end-systolic elastance \[ESPVR\]); 3) estimated (linear) end-diastolic stiffness (EDPVR); and 4) LVESP and SV relationship (arterial elastance \[Ea\]). Blinding was not used during the study.

Statistical analyses {#sec1.3}
--------------------

Within-group comparisons were made using repeated-measures analysis of variance. For group A, pairwise comparisons were made using the Student-Newman-Keuls test. For group B, post hoc comparisons against baseline were made using the Holm-Šidák method.

The T-statistic for 2 independent means was used to compare treatment effects (p \< 0.05).

SVT and VF threshold scores with BMS-986231 7 μg/kg/min and vehicle were compared using the Student paired *t*-test (p \< 0.05).

Results {#sec2}
=======

Group A: Coronary microembolization-induced HF {#sec2.1}
----------------------------------------------

All dogs met the LVEF entry criteria of approximately 30% (range 22% to 36%), and all dogs that entered into the 4-h study completed all 4 treatment arms. There were no adverse events (including venotoxicity) during or after drug or placebo administration.

### BMS-986231 0.7- to 7-μg/kg/min infusion (4 h) {#sec2.1.1}

Parameter values at baseline and 4 h are summarized in [Table 1](#tbl1){ref-type="table"}; mean percentage changes in key parameters from baseline to the end of the washout period are shown in [Figures 1A to 1D](#fig1){ref-type="fig"}. With vehicle, all measured or calculated variables were stable from baseline through 4 h. Statistically, LVEDP was significantly reduced at the 7-μg/kg/min dose infusion (mean percentage change from baseline: −14%; p \< 0.05). Compared with baseline, BMS-986231 was associated with significant dose-dependent decreases in LVESV over 4 h (−12% to −19%; p \< 0.05) and with a small reduction in LVEDV (−4% to −9%), which were statistically significant for the 2 lower doses ([Table 1](#tbl1){ref-type="table"}, [Figure 1C](#fig1){ref-type="fig"}). In contrast, BMS-986231 was associated with relative increases versus baseline in LVEF (+18% to +30%) and LVFAS (+25% to +48%) over the same time period. Furthermore, BMS-986231 was associated with significant increases in SV, CO, and mean aortic flow compared with baseline ([Table 1](#tbl1){ref-type="table"}, [Figures 1A to 1C](#fig1){ref-type="fig"}). Effects were not dose-dependent. For some parameters (LVESV, LVFAS, and mean aortic flow), statistically significant increases versus baseline were still seen across all 3 doses 1 h after cessation of dosing; however, for other parameters, the statistical significance of changes versus baseline 1 h after dosing cessation was inconsistent across doses ([Figure 1D](#fig1){ref-type="fig"}). LV peak +dP/dt was not altered from baseline at any dose infusion level.Table 1Parameters at Baseline and After 4 h for Vehicle and BMS-986231 0.7, 2, and 7 μg/kg/minVehicleLV Function (n = 7)BMS-986231 (0.7 μg/kg/min)BMS-986231 (2 μg/kg/min)BMS-986231 (7 μg/kg/min)Baseline4 h (%Δ From Baseline)Baseline4 h (%Δ From Baseline)Baseline4 h (%Δ From Baseline)Baseline4 h (%Δ From Baseline)HR, beats/min83 ± 182 ± 3 (−2 ± 4)77 ± 176 ± 1 (−2 ± 1)87 ± 386 ± 4 (−1 ± 3)84 ± 284 ± 2 (−0.3 ± 3)MAP, mm Hg76 ± 273 ± 2 (−4 ± 1)76 ± 272 ± 3 (−5 ± 2)78 ± 276 ± 2 (−1 ± 3)79 ± 370 ± 3[∗](#tbl1fnlowast){ref-type="table-fn"}[†](#tbl1fndagger){ref-type="table-fn"} (−11 ± 3)SAP, mm Hg89 ± 287 ± 2 (−2 ± 0.9)92 ± 289 ± 2 (−3 ± 2)90 ± 389 ± 2 (−1 ± 2)91 ± 386 ± 3 (−6 ± 3)LVEDP, mm Hg14 ± 0.414 ± 0.6 (0 ± 3)13 ± 0.513 ± 0.6 (−3 ± 3)14 ± 0.413 ± 0.5 (−6 ± 4)14 ± 0.312 ± 0.8[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (−14 ± 4)LVEDV, ml85 ± 484 ± 4 (−1 ± 0.7)83 ± 580 ± 5[∗](#tbl1fnlowast){ref-type="table-fn"} (−4 ± 1)86 ± 481 ± 4[∗](#tbl1fnlowast){ref-type="table-fn"} (−6 ± 2)85 ± 478 ± 4[‡](#tbl1fnddagger){ref-type="table-fn"} (−9 ± 2)LVESV, ml61 ± 460 ± 4 (−1 ± 1)58 ± 551 ± 4[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (−12 ± 0.9)61 ± 450 ± 2[∗](#tbl1fnlowast){ref-type="table-fn"}[†](#tbl1fndagger){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (−18 ± 2)60 ± 448 ± 3[∗](#tbl1fnlowast){ref-type="table-fn"}[†](#tbl1fndagger){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (−19 ± 2)SV, ml24 ± 0.924 ± 0.8 (0.1 ± 1)25 ± 129 ± 2[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (14 ± 3)25 ± 131 ± 2[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (23 ± 7)25 ± 0.930 ± 1[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (18 ± 2)CO, l/min2.01 ± 0.061.97 ± 0.07 (−2 ± 5)1.94 ± 0.072.18 ± 0.13[∗](#tbl1fnlowast){ref-type="table-fn"} (12 ± 3)2.20 ± 0.082.67 ± 0.16[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (22 ± 8)2.11 ± 0.062.47 ± 0.11[∗](#tbl1fnlowast){ref-type="table-fn"} (17 ± 5)LVEF, %29 ± 129 ± 1 (2 ± 1)31 ± 236 ± 2[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (18 ± 2)30 ± 138 ± 1[∗](#tbl1fnlowast){ref-type="table-fn"}[†](#tbl1fndagger){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (30 ± 6)30 ± 0.638 ± 0.7[∗](#tbl1fnlowast){ref-type="table-fn"}[†](#tbl1fndagger){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (30 ± 2)LVFAS, %28 ± 227 ± 2 (−1 ± 2)27 ± 233 ± 2[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (25 ± 5)26 ± 235 ± 2[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (31 ± 3)26 ± 237 ± 2[∗](#tbl1fnlowast){ref-type="table-fn"}[†](#tbl1fndagger){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (48 ± 8)Mean aortic flow, ml/s27 ± 227 ± 2 (−0.2 ± 2)27 ± 233 ± 2[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (25 ± 6)27 ± 234 ± 3[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (24 ± 4)27 ± 236 ± 3[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (32 ± 5)SVR (dynes·s·cm^−5^)3,060 ± 1413,009 ± 120 (−0.5 ± 6)3,164 ± 1702,706 ± 165[∗](#tbl1fnlowast){ref-type="table-fn"} (−15 ± 3)2,847 ± 1292,354 ± 189[∗](#tbl1fnlowast){ref-type="table-fn"} (−17 ± 5)3,002 ± 1142,298 ± 143[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (−23 ± 5)LV peak +dP/dt, mm Hg/s1,476 ± 851,595 ± 105 (10 ± 10)1,442 ± 1021,517 ± 98 (6 ± 4)1,482 ± 1101,560 ± 79 (7 ± 5)1,435 ± 751,458 ± 85 (3 ± 6)Ei/Ai4.2 ± 0.44.1 ± 0.4 (−2 ± 2)4.1 ± 0.35.7 ± 0.6[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (41 ± 13)4.1 ± 0.35.8 ± 0.5[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (42 ± 4)3.6 ± 0.46.3 ± 0.7[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (80 ± 20)DT, ms77 ± 277 ± 2 (−0.3 ± 2)75 ± 286 ± 2[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (14 ± 2)74 ± 387 ± 3[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (17 ± 5)76 ± 289 ± 2[∗](#tbl1fnlowast){ref-type="table-fn"}[‡](#tbl1fnddagger){ref-type="table-fn"} (16 ± 2)LVEDWS, g/cm^2^69 ± 667 ± 6 (−4 ± 4)65 ± 755 ± 6[∗](#tbl1fnlowast){ref-type="table-fn"} (−14 ± 3)69 ± 858 ± 3[∗](#tbl1fnlowast){ref-type="table-fn"} (−12 ± 6)70 ± 557 ± 4[∗](#tbl1fnlowast){ref-type="table-fn"} (−19 ± 4)MVO~2~, μmol/minNTNT52 ± 1261 ± 13 (13 ± 5)NTNT170 ± 1197 ± 7[∗](#tbl1fnlowast){ref-type="table-fn"}[†](#tbl1fndagger){ref-type="table-fn"} (−42 ± 5)[^1][^2][^3][^4][^5]Figure 1Percentage Mean Changes in Parameters**(A to D)** Percentage mean changes in parameters with BMS-986231 (0.7, 2, 7 μg/kg/min) and vehicle over time. All values shown are mean ± SEM. *\**p \< 0.05 versus baseline; †p \< 0.05 versus 0.7 μg/kg/min dose infusion; ‡p \< 0.05 versus vehicle. CO = cardiac output; Ei/Ai = ratio of Ei (time-velocity integral of the mitral inflow velocity waveform representing early filling) to Ai (time-velocity integral representing left atrial contraction); HR = heart rate; LVEDV = left ventricular end-diastolic volume; LVEDWS = left ventricular end-diastolic circumferential wall stress; LVFAS = left ventricular fractional area shortening; MVO~2~ = myocardial oxygen consumption; SVR = systemic vascular resistance.

At 4 h, BMS-986231 was associated with significant increases of 41% to 80% in the Ei/Ai ratio from baseline; a significant increase in DT from baseline across all doses was also seen ([Table 1](#tbl1){ref-type="table"}, [Figure 1C](#fig1){ref-type="fig"}). The effects on Ei/Ai ratio ([Figure 1D](#fig1){ref-type="fig"}) and DT were sustained through the 1-h washout period. A significant decrease in LVEDWS versus baseline over 4 h was also observed (−12% to −19%) ([Table 1](#tbl1){ref-type="table"}, [Figure 1C](#fig1){ref-type="fig"}). There was no significant dose dependency for these endpoints. HR was not significantly affected by BMS-986231 infusion, regardless of dose (p = NS) ([Table 1](#tbl1){ref-type="table"}).

BMS-986231 resulted in a numerically but non-statistically significant reduction in SAP, and a drop in MAP that reached significance with the 7-μg/kg/min dose infusion (−11%) ([Table 1](#tbl1){ref-type="table"}). SVR was significantly reduced versus baseline across all doses at 4 h (−15% to −23%), with significant reductions also seen for all doses at the 1- and 2-h intervals ([Table 1](#tbl1){ref-type="table"}, [Figures 1A to 1C](#fig1){ref-type="fig"}). At both 2 and 4 h, MVO~2~ was significantly (p \< 0.05) decreased with the highest BMS-986231 dose ([Figures 1B and 1C](#fig1){ref-type="fig"}).

No changes in QTc were observed with BMS-986231 for 4 h with 1 h of washout. No de novo ventricular or atrial arrhythmias were recorded during BMS-986231 or vehicle infusion.

For the 4-h study, blood levels of BMS-986231 (and its principal, inactive by-product BMT-284730) with the 0.7- and 2-μg/kg/min doses accumulated between 2 and 4 h ([Table 2](#tbl2){ref-type="table"}). With the 7-μg/kg/min dose infusion, 2- and 4-h levels of BMS-986231 were equivalent, whereas BMT-284730 levels continued to accumulate. At 1 h post-infusion, BMS-986231 levels were 70% to 80% lower across all doses than at 4 h; BMT-284730 levels were maintained at 1 h post-infusion ([Table 2](#tbl2){ref-type="table"}).Table 2Plasma Concentrations of BMS-986231 and its Principal (Inactive) Metabolite, BMT-284730, in Groups A and B2 Animals at Specified Time Intervals After the Start of BMS-986231 InfusionBMS-986231 Infusion (μg/kg/min)Plasma Concentration (ng/ml)+2 h+3 h+4 hWashout (+1 h Post-Infusion)Group A: Coronary microembolization-induced heart failure 0.7BMS-98623159 ± 12N/A137 ± 2042 ± 7BMT-28473021 ± 3N/A48 ± 647 ± 7 2BMS-986231102 ± 15N/A207 ± 4646 ± 8BMT-28473058 ± 4N/A127 ± 11119 ± 11 7BMS-986231489 ± 53N/A490 ± 41101 ± 12BMT-284730233 ± 15N/A466 ± 34407 ± 28Group B2: Pacing-induced cardiomyopathy 25BMS-986231N/A806 ± 80------BMT-284730N/A1,200 ± 118------ 50BMS-986231N/A1,272 ± 72------BMT-284730N/A2,390 ± 314------ 75BMS-986231N/A1,790 ± 159------BMT-284730N/A3,868 ± 297------[^6][^7]

### Dogs that underwent programmed ventricular stimulation after BMS-986231 7-μg/kg/min infusion (2 h) {#sec2.1.2}

Hemodynamic, echocardiographic, and ventriculographic findings with BMS-986231 7 μg/kg/min over 2 h in the 7 dogs that underwent PVS were broadly similar to those seen in the dose-escalation component of the study ([Table 3](#tbl3){ref-type="table"}). LVESV was significantly decreased, with little effect on LVEDV. Significant increases versus baseline were seen in LVEF, LVFAS, SV, and CO ([Table 3](#tbl3){ref-type="table"}). There was no significant change in HR with BMS-986231 versus baseline, and there was minimal effect on SAP and MAP. Vehicle administration was not associated with any effect on blood pressure or HR, and also had no effect on LV functional measures. During PVS, BMS-986231 increased the mean threshold score for SVT or VF 2-fold versus vehicle (18 vs. 9) and had no impact on subsequent cardioversion to restore sinus rhythm. Subsequently, all animals were successfully cardioverted.Table 3Parameters at Baseline and 2 h in Animals That Underwent Programmed Ventricular Stimulation (vehicle and BMS-986231 7 μg/kg/min)Extrastimuli-Provoked VF or SVT \>30 s (n = 7)VehicleBMS-986231 (7 μg/kg/min)Baseline2 h (%Δ from baseline)Baseline2 h (%Δ from baseline)HR, beats/min83 ± 381 ± 2 (−2 ± 4)83 ± 181 ± 2 (−2 ± 4)MAP, mm Hg80 ± 280 ± 2 (0.9 ± 2)78 ± 281 ± 3 (3 ± 5)SAP, mm Hg94 ± 293 ± 2 (−0.5 ± 2)90 ± 192 ± 3 (2 ± 5)DAP, mm Hg69 ± 269 ± 2 (1 ± 3)69 ± 270 ± 3 (3 ± 6)LVEDV, ml82 ± 382 ± 2 (−0.1 ± 0.6)82 ± 281 ± 2 (−2 ± 1)LVESV, ml57 ± 257 ± 2 (−0.1 ± 1)57 ± 245 ± 2[∗](#tbl3fnlowast){ref-type="table-fn"} (−20 ± 2[†](#tbl3fndagger){ref-type="table-fn"})SV, ml26 ± 126 ± 1 (−0.1 ± 3)26 ± 135 ± 1[∗](#tbl3fnlowast){ref-type="table-fn"} (37 ± 4[†](#tbl3fndagger){ref-type="table-fn"})CO, l/min2.12 ± 0.112.08 ± 0.14 (−1.4 ± 6.8)2.13 ± 0.092.85 ± 0.09[∗](#tbl3fnlowast){ref-type="table-fn"} (35.1 ± 6.7[†](#tbl3fndagger){ref-type="table-fn"})LVEF, %31 ± 131 ± 1 (−0.4 ± 3)31 ± 144 ± 1[∗](#tbl3fnlowast){ref-type="table-fn"} (42 ± 5[†](#tbl3fndagger){ref-type="table-fn"})LVFAS, %32 ± 133 ± 1 (3 ± 2)33 ± 241 ± 2[∗](#tbl3fnlowast){ref-type="table-fn"} (27 ± 5[†](#tbl3fndagger){ref-type="table-fn"})Threshold score---9 ± 0.7---18 ± 3[∗](#tbl3fnlowast){ref-type="table-fn"}Conversion by DC shock---7/7 (100%)---7/7 (100%)[^8][^9][^10][^11]

Group B: Normal cardiac function (B1) and pacing-induced cardiomyopathy (B2) {#sec2.2}
----------------------------------------------------------------------------

To determine more directly whether BMS-986231 enhanced cardiac contractility in vivo, pressure-volume analysis were performed in conscious dogs before and during treatment in both control (i.e., healthy) conditions (B1) and after pacing-induced HF (B2).

### Dogs with normal cardiac function (B1) {#sec2.2.1}

Hemodynamic, functional, and geometric parameters at baseline were within the normal physiological range ([Table 4](#tbl4){ref-type="table"}).Table 4Parameters at Baseline and After 3 h for BMS-986231 50 μg/kg/min and BMS-986231 50 μg/kg/min + HEX, and at Baseline and After 3 h for BMS-986231 25, 50, and 75 μg/kg/minAnimals With Normal Cardiac Function (n = 8) (%Δ From Baseline)Animals With Pacing-Induced Cardiomyopathy (n = 6) (%Δ From Respective Baselines)Baseline50 μg/kg/min (3 h)50 μg/kg/min (3 h + HEX)Baseline (Dose, μg/kg/min)25 μg/kg/min (3 h)50 μg/kg/min (3 h)75 μg/kg/min (3 h)CO, l/min1.9 ± 0.11.9 ± 0.1 (2 ± 2)2.2 ± 0.2[∗](#tbl4fnlowast){ref-type="table-fn"} (17 ± 3)1.4 ± 0.1 (25)\
1.5 ± 0 (50)\
1.5 ± 0 (75)1.5 ± 0.1[∗](#tbl4fnlowast){ref-type="table-fn"} (14 ± 1)1.8 ± 0[∗](#tbl4fnlowast){ref-type="table-fn"}[†](#tbl4fndagger){ref-type="table-fn"} (19 ± 2)1.8 ± 0.1[∗](#tbl4fnlowast){ref-type="table-fn"}[†](#tbl4fndagger){ref-type="table-fn"} (20 ± 2)SV, ml19 ± 120 ± 1 (5 ± 3)22 ± 0.7[∗](#tbl4fnlowast){ref-type="table-fn"} (16 ± 4)14 ± 0.6 (25)\
15 ± 0.6 (50)\
14 ± 0.3 (75)16 ± 0.8[∗](#tbl4fnlowast){ref-type="table-fn"} (18 ± 1)18 ± 0.5[∗](#tbl4fnlowast){ref-type="table-fn"} (20 ± 3)18 ± 0.7[∗](#tbl4fnlowast){ref-type="table-fn"} (28 ± 5)HR, beats/min100 ± 896 ± 8 (−4 ± 3)101 ± 8 (1 ± 5)100 ± 5 (25)\
103 ± 5 (50)\
109 ± 4 (75)94 ± 5[∗](#tbl4fnlowast){ref-type="table-fn"} (−5 ± 2)102 ± 5 (−1 ± 2)102 ± 5[∗](#tbl4fnlowast){ref-type="table-fn"} (−6 ± 2)SW, mm Hg • l2 ± 0.22 ± 0.2[∗](#tbl4fnlowast){ref-type="table-fn"} (−11 ± 4)2 ± 0.2 (−5 ± 2)1 ± 0.1 (25)\
1 ± 0.1 (50)\
1 ± 0 (75)1 ± 0.1 (12 ± 4)1 ± 0 (5 ± 7)1 ± 0.1[∗](#tbl4fnlowast){ref-type="table-fn"} (10 ± 5)LVESP, mm Hg113 ± 493 ± 5[∗](#tbl4fnlowast){ref-type="table-fn"} (−18 ± 2)93 ± 5[∗](#tbl4fnlowast){ref-type="table-fn"} (−17 ± 2)98 ± 4 (25)\
107 ± 5 (50)\
108 ± 2 (75)90 ± 4[∗](#tbl4fnlowast){ref-type="table-fn"} (−8 ± 2)92 ± 3[∗](#tbl4fnlowast){ref-type="table-fn"} (−14 ± 3)90 ± 3[∗](#tbl4fnlowast){ref-type="table-fn"} (−17 ± 1)LVEDP, mm Hg7 ± 13 ± 1[∗](#tbl4fnlowast){ref-type="table-fn"} (−63 ± 17)7 ± 1[‡](#tbl4fnddagger){ref-type="table-fn"} (0 ± 19)23 ± 1 (25)\
26 ± 2 (50)\
25 ± 2 (75)20 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"} (−14 ± 3)21 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"} (−19 ± 4)18 ± 1[∗](#tbl4fnlowast){ref-type="table-fn"} (−24 ± 6)LV peak +dP/dt, mm Hg/s2,983 ± 1673,412 ± 215[∗](#tbl4fnlowast){ref-type="table-fn"} (14 ± 4)3,337 ± 177 (13 ± 5)1,789 ± 130 (25)\
1,936 ± 217 (50)\
1,777 ± 140 (75)1,945 ± 142 (9 ± 3)1,975 ± 182 (3 ± 2)1,805 ± 160 (1 ± 2)LVEF, %65 ± 273 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"} (12 ± 1)73 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"} (12 ± 1)37 ± 0.9 (25)\
38 ± 0.8 (50)\
36 ± 0.6 (75)45 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"} (23 ± 2)48 ± 0.8[∗](#tbl4fnlowast){ref-type="table-fn"} (26 ± 5)51 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"}[†](#tbl4fndagger){ref-type="table-fn"} (41 ± 6)LVEDV, ml29 ± 227 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"} (−6 ± 2)30 ± 1 (3 ± 3)37 ± 0.9 (25)\
39 ± 0.8 (50)\
38 ± 0.5 (75)36 ± 1 (−4 ± 1)37 ± 1[∗](#tbl4fnlowast){ref-type="table-fn"} (−5 ± 1)35 ± 0.8[∗](#tbl4fnlowast){ref-type="table-fn"} (−9 ± 2)Tau, ms17 ± 116 ± 0.8[∗](#tbl4fnlowast){ref-type="table-fn"} (−6 ± 1)15 ± 0.8[∗](#tbl4fnlowast){ref-type="table-fn"} (−10 ± 3)18 ± 0.4 (25)\
17 ± 0.7 (50)\
17 ± 1 (75)15 ± 0.9[∗](#tbl4fnlowast){ref-type="table-fn"} (−18 ± 4)15 ± 0.9[∗](#tbl4fnlowast){ref-type="table-fn"} (−14 ± 3)14 ± 0.8[∗](#tbl4fnlowast){ref-type="table-fn"} (−16 ± 4)PVA, mm Hg • l3 ± 0.33 ± 0.2[∗](#tbl4fnlowast){ref-type="table-fn"} (−25 ± 4)3 ± 0.2[∗](#tbl4fnlowast){ref-type="table-fn"} (−21 ± 3)6 ± 2 (25)\
5 ± 2 (50)\
4 ± 0.5 (75)3 ± 0.4[∗](#tbl4fnlowast){ref-type="table-fn"} (−28 ± 10)3 ± 0.5[∗](#tbl4fnlowast){ref-type="table-fn"} (−36 ± 6)2 ± 0.1[∗](#tbl4fnlowast){ref-type="table-fn"} (−43 ± 6)PRSW, mm Hg[§](#tbl4fnsection){ref-type="table-fn"}82 ± 692 ± 7[∗](#tbl4fnlowast){ref-type="table-fn"} (12 ± 1)93 ± 7[∗](#tbl4fnlowast){ref-type="table-fn"} (12 ± 1)51 ± 2 (25)\
59 ± 6 (50)\
50 ± 2 (75)58 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"} (10 ± 1)70 ± 7[∗](#tbl4fnlowast){ref-type="table-fn"} (16 ± 1)61 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"} (22 ± 1)MAP, mm Hg111 ± 496 ± 5[∗](#tbl4fnlowast){ref-type="table-fn"} (−14 ± 1)98 ± 4 (−12 ± 2)100 ± 4 (25)\
112 ± 5 (50)\
108 ± 3 (75)93 ± 3[∗](#tbl4fnlowast){ref-type="table-fn"} (−7 ± 2)97 ± 3[∗](#tbl4fnlowast){ref-type="table-fn"} (−13 ± 2)92 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"} (−15 ± 1)SAP, mm Hg129 ± 7109 ± 6[∗](#tbl4fnlowast){ref-type="table-fn"} (−15 ± 1)109 ± 5 (−15 ± 3)117 ± 4 (25)\
126 ± 4 (50)\
126 ± 4 (75)107 ± 4 (−8 ± 2)109 ± 4 (−14 ± 2)105 ± 3 (−16 ± 2)DAP, mm Hg94 ± 485 ± 4[∗](#tbl4fnlowast){ref-type="table-fn"} (−10 ± 2)87 ± 5 (−8 ± 3)87 ± 5 (25)\
96 ± 5 (50)\
92 ± 3 (75)82 ± 4 (−5 ± 2)86 ± 4 (−10 ± 2)79 ± 2 (−13 ± 1)SVR, MAP/CO58 ± 549 ± 4[∗](#tbl4fnlowast){ref-type="table-fn"} (−16 ± 2)42 ± 4[∗](#tbl4fnlowast){ref-type="table-fn"}[‡](#tbl4fnddagger){ref-type="table-fn"} (−28 ± 3)56 ± 4 (25)\
54 ± 4 (50)\
56 ± 3 (75)46 ± 4[∗](#tbl4fnlowast){ref-type="table-fn"} (−16 ± 3)38 ± 1[∗](#tbl4fnlowast){ref-type="table-fn"} (−27 ± 3)40 ± 2[∗](#tbl4fnlowast){ref-type="table-fn"} (−29 ± 2)Ea, mm Hg/ml6 ± 0.35 ± 0.1[∗](#tbl4fnlowast){ref-type="table-fn"} (−23 ± 3)4 ± 0.1[∗](#tbl4fnlowast){ref-type="table-fn"} (−28 ± 4)7 ± 0.4 (25)\
8 ± 0.4 (50)\
8 ± 0.1 (75)6 ± 0.4[∗](#tbl4fnlowast){ref-type="table-fn"} (−22 ± 1)5 ± 0.3[∗](#tbl4fnlowast){ref-type="table-fn"} (−29 ± 2)5 ± 0.2[∗](#tbl4fnlowast){ref-type="table-fn"} (−35 ± 2)ESPVR, mm Hg/ml8 ± 0.99 ± 1[∗](#tbl4fnlowast){ref-type="table-fn"} (19 ± 2)9 ± 1[∗](#tbl4fnlowast){ref-type="table-fn"} (20 ± 1)5 ± 0.5 (25)\
6 ± 0.5 (50)\
5 ± 0.5 (75)6 ± 0.5[∗](#tbl4fnlowast){ref-type="table-fn"} (11 ± 1)7 ± 0.7[∗](#tbl4fnlowast){ref-type="table-fn"} (18 ± 1)7 ± 0.7[∗](#tbl4fnlowast){ref-type="table-fn"} (29 ± 1)EDPVR, mm Hg/ml1 ± 0.10.8 ± 0.1[∗](#tbl4fnlowast){ref-type="table-fn"} (−28 ± 7)0.9 ± 0.2[∗](#tbl4fnlowast){ref-type="table-fn"} (−18 ± 9)3 ± 0.4 (25)\
3 ± 0.3 (50)\
3 ± 0.1 (75)2 ± 0.4[∗](#tbl4fnlowast){ref-type="table-fn"} (−17 ± 2)2 ± 0.3[∗](#tbl4fnlowast){ref-type="table-fn"} (−22 ± 2)2 ± 0.2[∗](#tbl4fnlowast){ref-type="table-fn"}[†](#tbl4fndagger){ref-type="table-fn"} (−39 ± 6)[^12][^13][^14][^15][^16][^17]

With BMS-986231 50 μg/kg/min, significant reductions in LVEDP and LVEDV (−63% and −6%, respectively) were seen after 3 h of infusion ([Table 4](#tbl4){ref-type="table"}). LVEF increased significantly and progressively during the infusion (+12% after 3 h), and this improvement was maintained with HEX ([Table 4](#tbl4){ref-type="table"}, [Figure 2A](#fig2){ref-type="fig"}). SV and CO were preserved after 3 h, although moderate but significant reductions in both parameters were seen 1 h into the infusion. However, when preload was restored with HEX, both SV and CO were significantly increased above baseline ([Table 4](#tbl4){ref-type="table"}, [Figure 2A](#fig2){ref-type="fig"}).Figure 2Time Course and Dose Effects of BMS-986231**(A)** Time course effects of BMS-986231 (50 μg/kg/min) in animals with normal cardiac function, and **(B)** dose effects of BMS-986231 (25, 50, and 75 μg/kg/min) after a 3-h infusion in animals with pacing-induced cardiomyopathy. All values shown are mean ± SEM. \*p \< 0.05 versus baseline; †p \< 0.05 (3 h + HEX vs. 3 h); ‡p \< 0.05 (vs. 25 μg/kg/min). EDPVR = end-diastolic pressure-volume relationship; ESPVR = end-systolic pressure-volume relationship; HEX = Hextend (plasma volume-expanding solution); LVEF = left ventricular ejection fraction; MAP = mean arterial pressure; PRSW = preload-recruitable stroke work; PVA = pressure-volume area; Tau = left-ventricular relaxation time-constant; other abbreviations as in [Figure 1](#fig1){ref-type="fig"}.

BMS-986231 50 μg/kg/min was associated with significant time-dependent enhancement in load-independent indexes of contractility ([Figure 3A](#fig3){ref-type="fig"}), which increased the slopes of both ESPVR (+19%) and PRSW (+12%) ([Table 4](#tbl4){ref-type="table"}, [Figure 2A](#fig2){ref-type="fig"}), even after preload was acutely restored (+HEX). Representative LV pressure--volume families also showed typical inotropic leftward shifts with BMS-986231 ([Figure 3B](#fig3){ref-type="fig"}). The load-dependent index, LV peak +dP/dt, was also significantly increased (+14%) after 3 h ([Table 4](#tbl4){ref-type="table"}).Figure 3Representative Left Ventricular Pressure--Volume RelationshipsRepresentative left ventricular pressure--volume relationships generated via acute preload reductions in conscious healthy dogs at baseline (BASE, **black**) and at 3 h following BMS-986231 (BMS) administration (50 μg/kg/min intravenously), both before (BMS, **red**) and after (BMS + HEX, **blue**) acute volume expansion. **(A)** Steady-state (pre-occlusion) pressure--volume curves of 1 cardiac cycle (**inset**, showing filling phase), demarcated by both the end-systolic (ESPVR) and by the estimated (linear) end-diastolic pressure**--**volume relationships (EDPVR). BMS-986231 decreased preload, and load-independently increased the end-systolic elastance (slope of the ESPVR). **(B)** Families used to generate the pressure--volume relationships **(top and middle)**, as well as the stroke work (SW) to end-diastolic volume relationship **(bottom)**, showing an increase in the slope of the PRSW (Mw) induced by BMS-986231. EDV = end-diastolic volume; HEX = Hextend (plasma volume-expanding solution); LVP = left ventricular pressure; LVV = left ventricular volume; PRSW = preload-recruitable stroke work.

Both Tau and the slope of the EDPVR were significantly reduced versus baseline with BMS-986231 50 μg/kg/min (−6% and −28%, respectively) ([Table 4](#tbl4){ref-type="table"}). A significant reduction in Tau was seen 30 min post-infusion start (data not shown), and was sustained throughout the infusion period.

With BMS-986231 50 μg/kg/min, there was a maximal but clinically insignificant reduction in HR of 4% during this period ([Table 4](#tbl4){ref-type="table"}, [Figure 2A](#fig2){ref-type="fig"}). MAP was reduced by 14%; this effect was both rapid and sustained ([Figure 2A](#fig2){ref-type="fig"}). After 3 h, both SVR and Ea were also significantly reduced versus baseline (−16% and −23%, respectively). HEX had negligible effects on PRSW, EDPVR, and HR.

BMS-986231 was also associated with significant reductions in LVSW and PVA after 3 h (−11% and −25% vs. baseline, respectively). The reduction in PVA was preserved with HEX ([Figure 2A](#fig2){ref-type="fig"}), suggesting a reduction in MVO~2~.

### Dogs with pacing-induced cardiomyopathy (B2) {#sec2.2.2}

Pacing resulted in severely depressed LV function and ventricular modeling ([Table 4](#tbl4){ref-type="table"}). Mean LVEDP was elevated, and the LV peak +dP/dt was decreased; MAP and HR were within normal limits. Similarly, the Ea, LVEF, and slopes for PRSW and EDPVR post-pacing were consistent with HF-associated cardiac and vascular dysfunction.

In these paced dogs, BMS-986231 was associated with significant and dose-dependent decreases in filling and (albeit more moderate) systemic pressures. For instance, following 3 h of infusion, LVESP and LVEDP were significantly reduced (LVESP: −8 to −17%; LVEDP: −14 to −24%; all p \< 0.05 vs. baseline) ([Table 4](#tbl4){ref-type="table"}).

BMS-986231 was also associated with significant reductions in LVEDV at 3 h (−4 to −9%) ([Table 4](#tbl4){ref-type="table"}). Compared with baseline, LVEF increased dose dependently by 23% to 41% (all p \< 0.05) at 3 h. SV and CO also displayed dose-dependent increases versus baseline ([Table 4](#tbl4){ref-type="table"}, [Figure 2B](#fig2){ref-type="fig"}). These increases in LVEF, SV, and CO were sustained at 1 h post-infusion (data not shown).

All load-independent indexes of contractility also improved in the paced dogs during infusion. The slopes of the ESPVR and PRSW increased progressively and dose dependently over the 3-h infusion (e.g., ESPVR: +11% to +29%; PRSW: +10% to +22%; all p \< 0.05 vs. baseline) ([Table 4](#tbl4){ref-type="table"}, [Figure 2B](#fig2){ref-type="fig"}, [Figures 4A, and 4B](#fig4){ref-type="fig"}). Increases in the slopes of both PRSW and ESPVR were sustained 1 h after infusion (data not shown).Figure 4Representative Left Ventricular Pressure--Volume Relationships Generated Via Acute Preload Reductions in Conscious DogsRepresentative left-ventricular pressure--volume relationships generated via acute preload reductions in conscious dogs with tachypacing-induced heart failure (HF), taken both at baseline (HF, **black**) and at 3 h following BMS-986231 (BMS) administration (50 μg/kg/min intravenously, **red**). **(A)** Steady-state (pre-occlusion) pressure--volume curves of 1 cardiac cycle (**inset**, showing filling phase), demarcated by both the ESPVR as well as by the estimated (linear) EDPVRs. BMS-986231 decreased pre-load, and load-independently increased the end-systolic elastance (slope of the ESPVR). **(B)** Families used to generate the pressure--volume relationships **(top)**, as well as the SW to end-diastolic volume relationship **(bottom)**, showing a BMS-986231-induced increase in the slope of the PRSW (Mw). Abbreviations as in [Figure 3](#fig3){ref-type="fig"}.

After the 3-h infusion period, Tau was reduced by 18% (25 μg/kg/min), 14% (50 μg/kg/min), and 16% (75 μg/kg/min) (all p \< 0.05) versus baseline. The estimated EDPVR was dose- dependently reduced by 17% to 39% (all p \< 0.05) versus baseline ([Table 4](#tbl4){ref-type="table"}, [Figure 2B](#fig2){ref-type="fig"}). These diastolic improvements were partially sustained for both indexes at all doses 1 h after infusion (data not shown).

HR was marginally reduced versus baseline after 3 h, reaching statistical significance with the 25- and 75-μg/kg/min doses (−5% and −6%, respectively) ([Table 4](#tbl4){ref-type="table"}, [Figure 2B](#fig2){ref-type="fig"}). Ea and SVR were also significantly reduced after 3 h (Ea: −22% to −35%; SVR: −16% to −29%; all p \< 0.05 vs. baseline) ([Table 4](#tbl4){ref-type="table"}, [Figure 2B](#fig2){ref-type="fig"}).

The PVA was significantly and dose-dependently reduced versus baseline at 3 h, with the 25-, 50-, and 75-μg/kg/min dose infusions leading to mean decreases of 28% to 43% ([Table 4](#tbl4){ref-type="table"}, [Figure 2B](#fig2){ref-type="fig"}). These reductions were partially preserved at 1 h post-infusion (data not shown).

Analysis of BMS-986231 plasma concentrations in dogs with pacing-induced cardiomyopathy after 3 h of infusion showed dose-dependent increases in BMS-986231 and BMT-284730 concentrations. BMT-284730 concentrations were consistently greater than BMS-986231 after 3 h ([Table 2](#tbl2){ref-type="table"}). Further analyses also indicated that BMS-986231 concentrations were significant linear predictors of change in both MAP and PRSW ([Supplemental Figure 1](#appsec1){ref-type="sec"}).

Discussion {#sec3}
==========

The results of these studies indicated that in dogs with experimentally induced HF, IV administration of BMS-986231 was associated with enhanced LV contractility and relaxation, and with a moderate degree of systemic vasodilation, all of which are desirable attributes for a pharmacological agent in patients with AHF.

BMS-986231 demonstrated significant beneficial inotropic effects, as evidenced by the increases in load-independent indexes, such as ESPVR (mean 11% to 29%) and PRSW (mean 10% to 22%) in group B animals with normal or failing hearts. LVESV was significantly reduced, whereas LVEF was significantly increased across both groups A and B, with relative increases in LVEF reaching beyond 40% versus baseline. Other measures of enhanced inotropy, including LVFAS (group A), SV, and CO, were also significantly increased. Mean aortic flow was increased by up to 32%, with the highest dose in group A. Many of these indexes were sustained at 1 h post-infusion. This enhanced systolic LV function was also evident with CXL-1020, which was associated with a significantly increased maximal LV power index and load-independent LV end-systolic elastance in dogs with experimentally-induced HF [@bib8].

In addition to improving LV systolic function, BMS-986231 also improved LV diastolic function. In group A, the beneficial lusitropic effects were evident based on a significant increase in the Ei/Ai ratio after a 4-h infusion, as well as an increase in DT of early mitral inflow velocity and a reduction in LVEDWS. In group B2, the LV relaxation time-constant, Tau, was significantly reduced by a mean of up to 18%, and the EDPVR was reduced up to 39% after 3 h versus baseline in those animals with pacing-induced HF. BMS-986231 was also associated with significant reductions in pre-load measures of LVEDV and LVEDP across both group A and B cohorts. These beneficial findings on measures of cardiac relaxation are echoed in studies of CXL-1020 in dogs with experimentally-induced HF [@bib8].

BMS-986231 was associated with vasodilatory effects in both group A and B, with significant reductions in SVR (up to a mean reduction of ∼30% in group B2) seen over their respective infusion periods. LVESP (as described in the group B study) was also reduced by approximately 17% with the 75-μg/kg/min dose infusion. Although a numerical reduction in SAP (and DAP for group B2) was seen in both models, MAP was significantly reduced by up to 15% versus baseline. These data support the theory that BMS-986231 exerts a systemic vasodilatory effect similar to that seen previously with IV administration of CXL-1020 [@bib8].

No clinically meaningful impact of BMS-986231 on HR was observed, which was a finding consistent with that of CXL-1020 [@bib8]. MVO~2~, either directly measured (group A) or estimated from the PVA (group B), was significantly reduced with BMS-986231 in both models, showing relative decreases of \>40% with the highest dose infusions tested (7 and 75 μg/kg/min). Again, reductions in MVO~2~ were reported with CXL-1020 (10 μg/kg/min over 4 h) in dogs with microembolization-induced HF [@bib8]; these findings reflect an improved mechanical efficiency of the failing heart. The reduction of MVO~2~ could be attributed to both direct reductions in the LV wall tension, preload, and afterload, or to increased calcium-handling and/or contractile efficiency, which together overcame the increase in MVO~2~ that was potentially elicited by an increase in contractility. HR, a major determinant of MVO~2,~ was unchanged.

Similarly, in all of the present studies, BMS-986231 was not associated with the induction of the de novo arrhythmias that are commonly seen with legacy inotropes [@bib11]. Moreover, in group A, BMS-986231 increased the threshold for the induction of SVT and VF with ventricular stimulation. Together, these results suggested a negligible pro-arrhythmic potential; however, they require further investigation.

As expected, IV-infused BMS-986231 demonstrated dose- and time-dependent increases in blood concentration levels, indicating that BMS-986231 possesses a predictable pharmacokinetic profile. Furthermore, the fact that BMS-986231 plasma concentrations correlated strongly with relative changes in both MAP and PRSW over the same period in group B2 dogs provided further support for the beneficial effects BMS-986231 on cardiac function.

The findings of these 2 preclinical studies corroborated those of a placebo-controlled phase 2a study in hospitalized patients with advanced HF with reduced LVEF [@bib22]. In that study, BMS-986231, at 6-h dose infusions of up to 12 μg/kg/min, was well tolerated and was associated with rapid and sustained reductions in pulmonary capillary wedge pressure, as well as reductions in pulmonary arterial systolic and diastolic pressure, and right atrial pressure. It was also associated with increased CO, (noninvasively) measured as increases in the SV index and cardiac index. There was no meaningful change in HR with BMS-986231 and no evidence of arrhythmias detected on ECG. Although it was not possible to demonstrate conclusively with the techniques used in this phase 2a study, its findings were consistent with those of the 2 pre-clinical studies described here, in which invasive techniques were able to demonstrate changes in load-independent cardiac function (e.g., significantly increased ESPVR). Both the preclinical and clinical findings are encouraging, and further studies to assess the safety and efficacy of BMS-986231 in patients with AHF are needed. The phase 2b STANDUP AHF (Evaluate the Safety and Efficacy of 48-Hour Infusions of HNO \[Nitroxyl\] Donor in Hospitalized Patients With Heart Failure) study of BMS-986231 in hospitalized patients with HF and impaired systolic function ([NCT03016325](https://clinicaltrials.gov/ct2/show/NCT03016325){#interref0010}) is one such study.

Study limitations {#sec3.1}
-----------------

In these studies, we described 2 distinct canine models of HF to comprehensively evaluate the physiological response to BMS-986231 and provide mutually supportive evidence of the inotropic, lusitropic, and moderately vasodilatory effects of the compound. Due to inherent differences between and the unique characteristics of each model, caution should be exercised when comparing parameters between the 2 models, both at baseline and at specific time intervals during the infusion. Apart from the method in which cardiomyopathy was induced (i.e., microembolism under anesthesia vs. pacing while fully conscious), the animals themselves were also different in terms of breed and size, with the mongrel dogs in group A being larger than the beagle dogs in group B. In addition, differences in the way specific parameters were assessed made meaningful comparison between the models difficult; for example, in the group A animals, SV was measured based on differences in LV volumes, whereas in the group B animals, it was measured from pressure-volume loops. As a result, the focus here was on responses to the drug within each model, relative to a respective baseline.

Regarding the difference in dose ranges used across the 2 models (0.7 to 7 μg/kg/min and 25 to 75 μg/kg/min), earlier tests (data not shown) showed BMS-986231 to be substantially more potent in the dogs with microembolism-induced HF (which were under general anesthesia) compared with the paced dogs (which were fully conscious). It is known that anesthesia leads to depressed cardiac function; therefore, it is possible that the activity of HNO observed in the microembolism-induced HF model might partly be due to reversal of the isoflurane-induced reduction in myofilament calcium sensitivity, in a manner similar to that previously described for another HNO donor [@bib30].

The purpose of these studies was to assess the hemodynamic, rather than the biochemical, effects of BMS-985231 in different canine models; as a result, detailed biochemical analyses were not conducted as part of either study. One question that may arise is whether the effect of BMS-986231 may be mediated by NO, rather than HNO. Earlier in vitro nuclear magnetic resonance studies (data not shown) demonstrated that BMS-986231 in phosphate-buffered saline was converted stoichiometrically to HNO and its inactive by-product, BMT-284730; furthermore, when this conversion in phosphate-buffered saline took place in the presence of excess glutathione, stoichiometric trapping of HNO as a glutathione adduct occurred. In addition, a study of CXL-1020 in rats reported hemodynamic effects that were not only similar to those seen with BMS-986231 in the present studies with dogs, but were different to those of the NO donor sodium nitroprusside [@bib13]. Regarding the biochemical effects of BMS-986231 in humans, in the phase 2a study, BMS-986231 (3 to 12 μg/kg/min) was not associated with adverse changes in laboratory parameters, including brain natriuretic peptide, troponin I, serum creatinine, liver enzymes, hemoglobin, or platelet count [@bib22].

Conclusions {#sec4}
===========

In 2 experimental canine HF models, BMS-986231 was associated with outcomes indicative of beneficial inotropic, lusitropic, and vasodilatory effects, with no meaningful impact on HR and with a reduction in MVO~2~. BMS-986231 did not induce de novo ventricular arrhythmias, and significantly increased the threshold for triggering life-threatening SVT or VF episodes with PVS. These findings were closely aligned with those from studies of CXL-1020; unlike CXL-1020, however, there was no evidence of venotoxicity with BMS-986231 that led to termination of the clinical development of CXL-1020 [@bib8]. These findings corroborated those studies of BMS-986231 in the clinical setting, and together provided strong support for BMS-986231 as a suitable candidate for further clinical development for patients with AHF.Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** In these 2 experimental studies, BMS-986231 demonstrated beneficial inotropic, lusitropic, and vasodilatory effects. It resulted in significant increases in measures of cardiac function (LV end-systolic elastance, and so forth) and significant decreases in other outcomes, including LV filling pressures, end-diastolic stiffness, systemic vascular resistance, and myocardial oxygen consumption. There were no clinically significant changes in HR. No de novo arrhythmias were detected. BMS-986231 was also not associated with venotoxicity.**TRANSLATIONAL OUTLOOK:** Subsequent clinical research has provided support to the preclinical findings of increased inotropy and lusitropy and vasodilatory effects with BMS-986231, and that it is well tolerated. However, further studies are needed to fully assess its potential as a therapy for patients with AHF, and a phase 2b trial of BMS-986231 is currently underway in this patient population ([NCT03016325](https://clinicaltrials.gov/ct2/show/NCT03016325){#intref0015}).

Appendix {#appsec1}
========
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[^1]: Values are mean ± SEM.

[^2]: Δ = change; CO = cardiac output; DT = deceleration time of early mitral inflow velocity; Ei/Ai = ratio of Ei (time−velocity integral of the mitral inflow velocity waveform representing early filling) to Ai (time−velocity integral representing left atrial contraction); HR = heart rate; LV = left ventricular; LVEDP = LV end-diastolic pressure; LVEDV = LV end-diastolic volume; LVEDWS = LV end-diastolic circumferential wall stress; LVEF = LV ejection fraction; LVESV = LV end-systolic volume; LVFAS = LV fractional area shortening; LV peak +dP/dt = peak rate of change of LV pressure during isovolumic contraction; MAP = mean arterial pressure; MVO~2~ = myocardial oxygen consumption; NT = not tested; SAP = systolic arterial pressure; SV = stroke volume; SVR = systemic vascular resistance.

[^3]: p \< 0.05 vs. baseline.

[^4]: p \< 0.05 vs. 0.7-μg/kg/min dose infusion.

[^5]: p \< 0.05 vs. vehicle.

[^6]: NA = not available; --- not applicable.

[^7]: Values are mean ± SD. N = 6 plasma samples per dose infusion.

[^8]: Values are mean ± SEM or n/N (%), unless otherwise indicated.

[^9]: DAP = diastolic arterial pressure; DC = direct current; SVT = sustained monomorphic ventricular tachycardia; VF = ventricular fibrillation; other abbreviations as in [Table 1](#tbl1){ref-type="table"}.

[^10]: p \< 0.05 vs. baseline.

[^11]: p \< 0.05 vs. percentage change in vehicle.

[^12]: Values shown are mean ± SEM or mean ± SD (n).

[^13]: Ea = arterial elastance; EDPVR = end-diastolic pressure-volume relationship; ESPVR = end-systolic pressure-volume relationship; HEX = Hextend (plasma volume-expanding solution); LVESP = LV end-systolic pressure; PRSW = preload-recruitable stroke work; PVA = pressure-volume area; SW = stroke work; Tau = LV relaxation time-constant; other abbreviations as in [Tables 1](#tbl1){ref-type="table"} and [3](#tbl3){ref-type="table"}.

[^14]: p \< 0.05 vs. respective baseline value.

[^15]: p \< 0.05 vs. 25 μg/kg/min dose.

[^16]: p \< 0.05 vs. 50 µg/kg/min (3 h).

[^17]: mm Hg × ml/ml.
